INTRODUCTION
============

The MET protein is a receptor tyrosine kinase (RTK) and the receptor for hepatocyte growth factor (HGF)/scatter factor ([@B2]). Binding of HGF to MET initiates various biological responses, including cell proliferation and survival, detachment from adjacent cells, epithelial to mesenchymal transition, and degradation of and migration through extracellular matrices ([@B61]). While HGF/MET signaling is important for organogenesis and other physiological processes, aberrant activation of HGF/MET signaling facilitates metastasis in malignant tumors ([@B18]), and elevated expression of MET is associated with poor prognosis of glioma ([@B42]; [@B29]; [@B36]; [@B40]). As activation of RTKs typically occurs on the cell surface, postendocytic degradation and recycling of RTKs play a crucial role in determining receptor availability and coordinating downstream signaling ([@B33]). Endocytosis/recycling of oncogenic MET mutant proteins is required for oncogenicity ([@B26]), whereas decreased MET recycling attenuates mitogen-activated protein kinase (MAPK) signaling and cell migration ([@B51]). Moreover, endocytic recycling of MET facilitates sustained Rac1 signaling for optimal membrane ruffling and cell migration and invasion, and recruitment of the p85 regulatory subunit of phosphatidylinositol-3-kinase (PI3K) and a Rac GDP/GTP exchange factor Vav2 to recycling endosomes was suggested as an underlying mechanism ([@B39]). Thus MET targeting to and from recycling endosomes may account for a significant step linking HGF stimuli with actin cyoskeletal reorganization during cell migration. It was also reported that tumor-derived mutant p53 proteins enhance MET recycling and signaling, which drive invasion and scattering of human non--small cell lung carcinoma, H1299 cells, further signifying the role of MET recycling in metastatic progression ([@B41]). These observations collectively suggest that up-regulated MET recycling promotes tumor invasion and metastasis.

Increasing evidence points to the promigratory and proinvasive role of the acidic luminal pH of endosomes. Vacuolar-type H^+^-ATPases (V-ATPases) are expressed in most eukaryotic cells and play a pivotal role in establishing the acidic luminal pH of endosomal and secretory organelles by pumping protons into the lumen ([@B14]). Treatment of human breast cancer cells with a V-ATPase inhibitor disrupted the leading-edge association of epidermal growth factor receptor (EGFR; [@B64]). Moreover, inhibition of V-ATPases attenuates Rab5-mediated Rac1 activation in early endosomes, perturbs actin cytoskeletal remodeling, and impedes cell migration. Intravenous injection of an inhibitor against V-ATPases drastically reduced metastasis of mouse breast cancer cells ([@B64]). Chloride intracellular channels (CLICs) residing in endosomal membranes are another group of acidifiers that shunt the proton current created by V-ATPases ([@B60]). CLIC3, a proposed late endosomal acidifier, plays a proinvasive role in tumor metastasis by facilitating targeting of membrane-type matrix metalloproteinase ([@B37]) and integrins ([@B12]) to the plasma membrane. Recycling endosomes possess slightly acidic luminal pH ([@B54]; [@B13]), but the role of the acidic pH of recycling endosomes in tumor cell migration remains poorly understood. We now show that the neuron-enriched Na^+^/H^+^ exchanger NHE5 potently acidifies recycling endosomes of C6 rat glioma cells and demonstrate that NHE5 is required for MET recycling. Silencing NHE5 impairs MET targeting to the leading edge, facilitates its degradation, and suppresses downstream signaling and directed cell migration.

RESULTS
=======

NHE5 is a potent endosomal acidifier in C6 glioma
-------------------------------------------------

Whereas NHE5 protein ([@B9]) and mRNA ([@B1]) were not detected in glia-rich brain regions, we noted that C6 glioma cells abundantly express NHE5 protein. Immunofluorescence microscopy revealed that NHE5 is associated with Rab11-positive and transferrin (Tfn)-positive recycling endosomes ([Figure 1, A--C](#F1){ref-type="fig"}). Cell surface biotinylation did not detect any appreciable association of NHE5 with the plasma membrane in C6 cells when cultured under regular conditions ([Figure 1D](#F1){ref-type="fig"}). Plasmid-based short hairpin RNA (shRNA) shNHE5A, shNHE5B, and shNHE5C constructs ([@B9], [@B10]) were individually expressed in C6 cells, and several independent clones stably expressing the shRNA were isolated for further experiments ([Figure 2A](#F2){ref-type="fig"}). For determination of the endosomal pH, NHE5-knockdown cells and control cells were incubated with a mixture of two types of Tfn, one conjugated with fluorescein, a pH-sensitive green fluorophore, and another conjugated with Alexa Fluor 568, a pH-insensitive red fluorophore. Following the chase incubation at 37°C for 15 min, Tfn accumulated to the perinuclear Rab11-positive recycling endosomes ([Figure 2B](#F2){ref-type="fig"}). Fluorescence signal was captured under a spinning-disk confocal microscope, and pH was determined by ratiometric measurement of the two fluorescence intensities ([@B10]). Recycling endosomal pH of C6 cells was close to 6.0, whereas C6 cell lines stably expressing shRNAs for NHE5 exhibited a significantly higher pH of around 6.2 ([Figure 2C](#F2){ref-type="fig"}). In contrast, recycling endosomal pH of C6 cells expressing NHE1 shRNA was not significantly different from that of control cells ([Figure 2D](#F2){ref-type="fig"}). The elevated recycling endosomal pH of NHE5-knockdown cells was rescued by stable expression of human NHE5 ([Figure 2E](#F2){ref-type="fig"}). Treatment of C6 cells with the V-ATPase inhibitor bafilomycin A1 (Baf) alkalinized recycling endosomal pH to around 6.3, whereas recycling endosomes of Baf-treated NHE5-knockdown cells showed a pH of around 6.5 ([Figure 2F](#F2){ref-type="fig"}). These results suggest that NHE5 and V-ATPases play major roles in generating acidic-recycling endosomal pH. Internalized Tfn appears to be more tightly packed in the juxtanuclear region of NHE5-knockdown cells ([Figure 2B](#F2){ref-type="fig"}), a similar effect was observed when parental C6 cells were treated with 50 nM Baf for 16 h, but not when they were treated with up to 200 nM Baf for 45 min (Supplemental Figure 1).

![NHE5 is associated with recycling endosomes in C6 glioma. (A--C) C6 cells were grown on coverslips overnight and double stained for TfR (red in A), early endosome antigen-1 (EEA1, red in B), or Rab11 (red in C), and NHE5 (green). Scale bars: 20 μm. (D) Cell surface biotinylation detected NHE1, but not NHE5, associated with the plasma membrane. The cytosolic protein β-tubulin was not labeled by cell surface biotin, indicating that the membrane integrity was maintained during the experiments.](702fig1){#F1}

![NHE5 acidifies recycling endosomes. NHE5 expression in C6 cells stably expressing shRNA plasmids for NHE5 (N5shA, N5shC), scrambled control for N5shA (Con), NHE1shRNA (N1sh), and N5sh cells expressed with HA-tagged human NHE5 (hN5HA). (A) NHE5 and NHE1 protein expression was probed with anti-NHE5 and anti-NHE1 antibodies, respectively. Exogenous NHE5 expression was detected by an anti-HA antibody. An anti β-tubulin antibody was used as a loading control. (B) GFP-Rab11--transfected cells were serum-starved overnight and incubated with 30 μg/ml of Alexa Fluor 568--conjugated transferrin (Tfn-568) for 30 min at 37°C. Red arrowheads mark the endosomal compartments where Rab11 and Tfn colocalize. Scale bars: 25 μm. (C--F) Endosomal pH estimations. +Baf, treated with 200 nM Baf. The bar graph presents means ± SD of at least three experiments in which more than five live-cell images per cell line or treatment condition were used for fluorescence ratiometric analysis. *p* Values were obtained by Tukey-Kramer test following ANOVA: (C) *F*(2, 56) = 37.84, *p* \< 0.0001, \*\*\**p* \< 0.001; (D) *F*(2,71) = 22.12, *p* \< 0.0001, \*\*\**p* \< 0.001, n.s., not significant; (F) *F*(3,52) = 25.12, *p* \< 0.0001, \*\*\**p* \< 0.001; (E) paired Student's *t* test, \*\**p* \< 0.01; (G) Representative confocal images of live cells for C--F. Scale bars: 10 μm. \*\**p* \< 0.01, \*\*\**p* \< 0.001, n.s., not significant.](702fig2){#F2}

NHE5 regulates surface expression of MET and epidermal growth factor receptor
-----------------------------------------------------------------------------

Our previous finding that NHE5 is required for endocytic recycling of the nerve growth factor (NGF) receptor tyrosine kinase TrkA in PC12 cells ([@B10]) led us to postulate that NHE5 might regulate RTK targeting and signaling. HGF receptor tyrosine kinase MET and epidermal growth factor receptor (EGFR) expression were detected in C6 cells. To investigate the role of recycling endosomal pH on MET trafficking and downstream signaling, we examined the abundance of MET populations residing in the plasma membrane. Knocking down NHE5 by shRNA led to a substantial decrease of cell surface--biotinylated MET to ∼15% of that of control cells, whereas NHE1-depleted cells showed no significant alterations ([Figure 3, A and B](#F3){ref-type="fig"}). Reexpressing human NHE5 into NHE5-knockdown cells increased the cell surface expression of MET to approximately threefold of NHE5-knockdown cells, a significant (*p* \< 0.05 by Tukey-Kramer test, *N* = 3) and yet not a complete rescue. Fluorescence microscopy revealed that a substantial population of control cells (∼65%) showed clear association of MET with the leading edge when directed migration was induced ([Figure 3, C and D](#F3){ref-type="fig"}). Leading-edge association of MET was also apparent in NHE1-knockdown cells, in which more than half of the cells exhibited similar MET localization. In contrast, ∼20% of the cells stably expressing NHE5 shRNA exhibited a typical appearance of MET in association with the cell front. Similarly, MET did not localize to the leading edge when cells were treated with Baf, suggesting the potential importance of the acidic luminal pH of organelles in MET targeting. Reduced cell surface abundance of EGFR was also detected in NHE5-knockdown cells (Supplemental Figure 2, A and B).

![Cell surface expression and polarized targeting of MET are reduced in NHE5-deficient cells. (A and B) C6 cells expressing shRNA plasmids for NHE5 (N5shA), NHE1 (N1sh), N5shA cells expressing HA-tagged human NHE5 (N5shA +hN5HA), and control cells (Con) were treated with a membrane-impermeable biotinylating reagent (sulfo-NHS-SS-biotin), and biotinylated proteins were affinity purified by NeutrAvidin and detected by immunoblotting. A representative immunoblot is shown. Signal intensities were determined by densitometry, and relative levels of cell surface MET are presented in B. Data represent mean ± SEM of five experiments, except for N1sh with *N* = 3. *p* Values by Tukey-Kramer test following ANOVA: *F*(3,10) = 37.27, *p* \< 0.0001; \**p* \< 0.05, \*\*\**p* \< 0.001, n.s., not significant. (C and D) Intracellular localization of MET during directional migration of confluent monolayer cells toward an open space was investigated in C6 cells stably expressing shRNAs for NHE5 (A--C), NHE1 (N1sh), and scrambled shRNA control (Con). (C) Representative confocal images of Con, N5shA, N1sh, and Baf-treated cells are shown. Dashed lines mark the edge of open space introduced to the confluent monolayer cells, and arrowheads indicate the leading edge displaying positive membrane MET fluorescence. Scale bars: 20 μm. (D) Mean (± SD) percentages of cells positive for MET at the leading edge from three to five experiments are shown. On average, 150 cells per cell line were scored in each experiment. *p* Values were by Tukey-Kramer test following ANOVA: *F*(5,8) = 33.0, *p* \< 0.0001, \*\* *p* \< 0.01, n.s., not significant.](702fig3){#F3}

NHE5 knockdown limits MET recycling and accelerates HGF-induced degradation
---------------------------------------------------------------------------

A decrease in cell surface population of MET may be caused by increased internalization from the plasma membrane, reduced recycling from endosomes to the plasma membrane, or both. For investigation of these possibilities, MET residing in the plasma membrane was labeled by biotinylation, and internalized proportions following a chase incubation were determined. No difference was observed in MET endocytosis between control and NHE5-knockdown cells ([Figure 4, A and B](#F4){ref-type="fig"}). We next examined the effect of NHE5 knockdown on MET recycling by probing the cell surface population of biotinylated MET returning from the endosomal pool. After a 15-min chase incubation at 37°C, ∼40% of MET recycled back to the plasma membrane in NHE5-depleted cells relative to control cells ([Figure 4, C and D](#F4){ref-type="fig"}). Recycling of transferrin receptor (TfR) was not affected by NHE5 depletion, while primaquine, an endosomal recycling blocker ([@B21]; [@B63]), inhibited MET and TfR recycling. As receptor internalization and subsequent degradation also halt cell surface ligand-mediated signaling, we next tested whether NHE5 depletion affects MET degradation. In agreement with the previous studies ([@B25]; [@B19]; [@B53]), ligand-induced degradation of MET was significantly reduced by concomitant treatment with the proteasomal inhibitor MG-132 ([Figure 4E](#F4){ref-type="fig"}). While 40% of MET remained intact in control cells after a 60-min treatment with HGF, more than 80% of MET was degraded in NHE5-knockdown cells after HGF treatment, which was substantially protected by MG-132 ([Figure 4, F and G](#F4){ref-type="fig"}). Intriguingly, leupeptin, an inhibitor of serine and cysteine proteases, inhibited degradation of MET in NHE5-knockdown cells but not in the control cells. The endocytic recycling inhibitor primaquine had no effect on MET degradation in either type of cells.

![NHE5 depletion impairs MET recycling and enhances ligand-dependent degradation but has no effect on endocytosis. (A) Cells stably expressing shRNA for NHE5 (N5sh) and scrambled control (Con) were treated with sulfo-NHS-SS-biotin at 4°C and subjected to a chase incubation at 37°C for 0 (Intern.0) or 30 min (Intern.30) to let the biotinylated surface receptors internalize. Cells were then treated with glutathione to cleave biotin from surface proteins. Internalized proteins were protected from cleavage. Some samples were left untreated with glutathione (SL.0 and SL.30). Biotinylated proteins were affinity purified by NeutrAvidin and analyzed by immunoblotting. For MET cell surface biotinylation experiments, five times more total proteins from NHE5-knockdown cell lysates (250 μg) than control cells (50 μg) were used to obtain an equivalent signal of MET labeled on the cell surface (PD: NeutrAvidin, IB: MET), whereas equal amounts of biotinylated proteins (50 μg) were analyzed to probe NHE1 on the cell surface (PD: NeutrAvidin, IB: NHE1). Lysates (4 μg) were loaded to probe the amount of MET and NHE1 (Lysate, IB: MET and IB: NHE1). (B) The intensity of each band was determined by densitometry, and the internalized proportion relative to the control was calculated. A bar graph shows mean ± SD of five experiments. n.s. = not significant by paired Student's *t* test. (C) MET recycling in control (Con), NHE5-shRNA--expressing cells (N5sh), and primaquine (PQ)-treated cells. Cells were treated with sulfo-NHS-SS-biotin, biotinylated receptors were internalized, and the biotin was removed from the proteins remaining on the plasma membrane (1st Cleavage). Some samples were subjected to an additional 15-min incubation in culture media at 37°C and an additional round of glutathione cleavage to remove biotin from proteins recycled back to the cell surface (2nd Cleavage). Biotinylated proteins were affinity-purified and analyzed by immunoblotting. Fivefold larger amounts of proteins from NHE5-knockdown cells (750 μg) than those from control cells (150 μg) were used for MET pull down, whereas equal amounts of lysates from each cell line (150 μg) were used for the TfR experiments. Lysates (4 μg) were loaded to probe the amount of MET and TfR. (D) Relative recycling was calculated by taking densitometry ratios of recycled populations (\[1st Cleavage +, Post-incub.15, 2nd Cleavage--\] -- \[1st Cleavage +, Post-incub.15, 2nd Cleavage +\]) to internalized populations (1st Cleavage +, Post-incub.0, 2nd Cleavage--; Intern.) and expressed as percentages to the values of the control. Mean ± SD of three to five experiments. *p* Values were obtained by Tukey-Kramer test following ANOVA: *F*(2,14) = 193.9, *p* \< 0.0001. (E) HGF-induced MET degradation in C6 cells. Serum-starved cells were stimulated with 50 ng/ml of HGF for up to 120 min, and the same amount of lysates (4 μg) was analyzed by immunoblotting. Treatment of 20 μM MG-132 significantly slowed down the MET degradation over time. (F) HGF-induced MET degradation in control and NHE5-depleted cells. A representative blot is shown. Where indicated, cells were treated with 20 μM MG-132, 100 μM leupeptin, or 100 μM primaquine. Four micrograms total protein was analyzed by immunoblotting. (G) Relative abundance of MET in each condition was determined by normalization to the unstimulated level. Mean ± SD of three to eight experiments. *p* Values by Tukey-Kramer test following ANOVA: *F*(6,85) = 24.6, *p* \< 0.0001 for conditions; and *F*(1,85) = 25.6, *p* \< 0.0001 for cell lines; \*, *p* \< 0.05, \*\*, *p* \< 0.01, \*\*\*, *p* \< 0.001, n.s., not significant.](702fig4){#F4}

NHE5 is required for HGF signaling
----------------------------------

Having shown the critical role of NHE5 in modulating endocytic recycling, degradation, and surface abundance of MET, we next examined the impact of NHE5 depletion on HGF/MET signaling. C6 cells stably expressing shRNA for NHE5 and control cells were stimulated by HGF, and the phosphorylation status of Akt and Erk1/2 was assessed by immunoblotting to determine the PI3K and MAPK activities, respectively. Although both cell lines exhibited a steep peak for Akt phosphorylation within 15 min of stimulation, the peak intensity was substantially lower in NHE5-knockdown cells compared with control cells ([Figure 5A](#F5){ref-type="fig"}). Densitometric analyses of three independent experiments revealed that the maximum Akt phosphorylation is reduced by approximately fourfold in NHE5-knockdown cells ([Figure 5B](#F5){ref-type="fig"}). Down-regulation of PI3K-Akt signaling was confirmed by three different NHE5-silencing constructs (Supplemental Figure 3, A and B). The level of peak phosphorylation of Erk1/2 in NHE5-knockdown cells was ∼55% of the peak phosphorylation level in control cells ([Figure 5, A and B](#F5){ref-type="fig"}).

![HGF-induced Akt/Erk phosphorylation is attenuated by NHE5 knockdown. Cells serum-starved overnight were stimulated with 50 ng/ml of HGF. The amount of phosphorylated and total Akt and Erk1/2 was detected by immunoblotting. (A) Representative immunoblots are shown. (B) The relative level of phospho-Akt and phospho-Erk are expressed as mean ± SEM of four experiments. *p* Values for pairwise comparisons at each time point were obtained following repeated-measures ANOVA with time as the within-subject factor. \*, *p* \< 0.05, \*\*, *p* \< 0.01, \*\*\*, *p* \< 0.001, n.s., not significant.](702fig5){#F5}

Rac1 and Cdc42 activities are reduced in NHE5-knockdown cells
-------------------------------------------------------------

During the course of morphological characterization, we noticed that NHE5-knockdown cells exhibit limited F-actin structures. F-actin staining by fluorescent phalloidin revealed some patchy appearance on the plasma membrane as well as in the cytosol of C6 cells, and also the peripheral membrane ruffles became evident upon HGF treatment ([Figure 6A](#F6){ref-type="fig"}). In contrast, the actin-filament network at the edge of the NHE5-knockdown cells was not apparent, even after HGF treatment. We counted the cells with and without membrane ruffles upon HGF stimulation; ∼80% of C6 cells exhibited membrane ruffles. In contrast, \<40% of NHE5-knockdown cells showed these structures, whereas close to 80% of NHE1-knockdown cells formed HGF-induced membrane ruffles ([Figure 6B](#F6){ref-type="fig"}). Close to 70% of NHE5-knockdown cells stably expressing human NHE5 displayed membrane ruffles upon HGF stimulation, representing a substantial restoration of the phenotype ([Figure 6, A and B](#F6){ref-type="fig"}). We next asked whether NHE5 influences migration-induced membrane ruffles. The mesh-like structure of actin filaments formed at the edge of migrating front was also not apparent in NHE5-knockdown cells (Supplemental Figure 4, A and B). Approximately 75% of control cells had membrane ruffles at the leading edge, whereas ∼50% of NHE5-knockdown cells showed membrane ruffles. Expression of human NHE5 substantially rescued the phenotype in which more than 70% of cells showed membrane ruffles. The Rho-family small GTPase Rac1 is a downstream signaling molecule of HGF/MET that facilitates actin remodeling and cell migration in canine kidney epithelial MDCK cells ([@B56]; [@B6]), murine cortical neurons ([@B58]), human glioma SNB19 cells ([@B30]), breast cancer MDA-468 cells ([@B39]), and human pulmonary microvascular endothelial cells ([@B59]; [@B62]). We therefore examined Rac1 activity in NHE5-knockdown cells by using glutathione *S*-transferase (GST) pull down that captures only the GTP-bound active form of Rac1. Rac1 activity showed an approximately fourfold increase upon HGF treatment in control cells (Supplemental Figure 4C), which was abolished by applying NSC 23766, an inhibitor of Rac1 activation, to the cells (Supplemental Figure 4D). Remarkably, NHE5- but not NHE1-knockdown cells showed a marked reduction in Rac1 activity to ∼20% of that in control cells, and expression of hNHE5 to knockdown cells restored the Rac1 activity to the level close to that of control cells ([Figure 6, C and D](#F6){ref-type="fig"}). As Cdc42 shares some common regulators and effectors with Rac1 and also promotes actin cytoskeleton remodeling ([@B55]), we tested Cdc42 activity in NHE-knockdown cells. A significant reduction in Cdc42 activity was detected in NHE5-depleted but not in NHE1-depleted cells ([Figure 6, E and F](#F6){ref-type="fig"}). Recruitment of Rac1 to the plasma membrane is critical in establishing spatially restricted signals for cell migration ([@B50]). As endocytic trafficking of MET and EGFR has been implicated in spatial activation and localization of Rac1 ([@B26]; [@B64]), we postulated that NHE5 knockdown might affect the membrane association of Rac1. Membrane fractions and cytosolic fractions were isolated, and the same amount of proteins in each fraction was analyzed by immunoblotting to test this possibility. Less Rac1 was associated with membrane fractions in NHE5-knockdown cells than in control cells or NHE1-knockdown cells (Supplemental Figure 4E). For further examination of whether Rac1 is associated with morphologically distinguishable membrane fractions, Rac1 was visualized by immunofluorescence in cells migrating toward an open space (wound) introduced to a confluent monolayer sheet of cells. Association of Rac1 with the leading edge of the migration front was significantly impaired in NHE5-knockdown cells, whereas NHE1 knockdown showed only marginal effects on Rac1-localization ([Figure 6, G and H](#F6){ref-type="fig"}).

![Rac1 and Cdc42 activities and Rac1 targeting to the leading edge were perturbed by NHE5 depletion. (A and B) HGF-induced membrane ruffle formation was impaired by silencing NHE5. Serum-starved C6 cells stably expressing shRNA for NHE5 (N5sh), NHE1 (N1sh), and N5sh cells expressing HA-tagged human NHE5 (N5sh+hN5HA) were left untreated or treated with 50 ng/ml HGF for 60 min. Cells were then fixed and stained with fluorescently labeled phalloidin. (A) Representative images are shown. Arrowheads point to the positive membrane ruffling observed as increased phalloidin staining associated with wavelike protrusions or tiny spicules. Scale bars: 20 μm. (B) The cells with membrane ruffles were counted. The bar graph presents mean ± SD of percentages of cells positive for membrane ruffles from a total of 8--14 images per condition for each cell line from three experiments. On average, 23 cells per image were counted. *p* Values were obtained by Tukey-Kramer test following ANOVA using images as a unit of analysis: *F*(3,42) = 40.31, *p* \< 0.0001; \*, *p* \< 0.05, \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001, n.s., not significant. (C and E) Rac1 and Cdc42 activities in control, N5sh, N1sh, and N5sh+hN5HA cells. GTP-bound Rac1 and Cdc42 were pulled down with PBD beads, and eluted samples were analyzed by immunoblotting. Two micrograms of total proteins were loaded as input. Representative immunoblots are shown. (D) Relative GTPase activities were calculated by taking densitometric ratio of the pulled-down (active form) and total proteins that were normalized to the value of control cells. The bars represent normalized mean ± SD of GTPase activities from three (N1sh) to nine experiments. *p* Values by Tukey-Kramer test following ANOVA: *F*(3, 22) = 85.27, *p* \< 0.0001; \*\*\*, *p* \< 0.001; n.s., not significant. (F) Mean ± SD with four experiments. *p* Values by Tukey-Kramer test following ANOVA: *F*(2, 8) = 85.27, *p* \< 0.0001; \*, *p* \< 0.05, n.s., not significant. (G) Control cells and three independent N5shRNA clones were grown into a monolayer, and polarized targeting of Rac1 toward an open space was observed. Representative confocal images are shown. Rac1 associates with the leading edge of the majority of migratory control and NHE1-knockdown cells, whereas Rac1 association with the leading edge is markedly impaired in NHE5-knockdown cells. Arrowheads mark Rac1 associated with the leading edge. Dashed lines indicate edges of wounds. Scale bars: 25 μm. (H) Percentage of cells at the leading edge that had positive Rac1 staining. The bar chart represents mean ± SD of three experiments, consisting of, on average, a total of 82.5 cells per experiment. *p* Values were from Tukey-Kramer test following ANOVA: *F*(4, 35) = 114.40, *p* \< 0.0001; \*, *p* \< 0.05, \*\*\*, *p* \< 0.001.](702fig6){#F6}

NHE5 is required for cell migration and polarity establishment
--------------------------------------------------------------

Having found a marked decline in Rac1 activity and severe impairment of actin cytoskeletal organization at the migrating edges in NHE5-knockdown cells, we next investigated an impact of NHE5 knockdown on cell migration. When serum-starved cells were placed in the upper chamber and rendered to move across the polycarbonate membrane toward the bottom chamber, which was filled with serum-containing media, considerably fewer NHE5-knockdown cells than control cells (∼30% of control) migrated to the bottom chamber ([Figure 7, A and B](#F7){ref-type="fig"}). Expression of human NHE5 into NHE5-knockdown cells increased such chemotaxis by 1.5-fold, showing a significant and partial rescue of the phenotype. Activation of Rac1 and Cdc42 at the migrating front is crucial for cell polarity establishment during directional migration ([@B44]; [@B55]). We therefore asked whether NHE5 is needed for cell-polarity establishment. Cell polarity can be assessed by the position of Golgi stacks relative to the position of the nucleus and migrating edge ([@B3]; [Figure 7C](#F7){ref-type="fig"}). Approximately 50% of control cells at the wound edge showed the Golgi apparatus oriented within a 120° angle projected from the nucleus toward the leading edge, whereas 33% of NHE5-knockdown cells displayed correct alignment of the Golgi apparatus, representing a significant difference ([Figure 7, C and D](#F7){ref-type="fig"}). A modest but significant rescue was observed by stable expression of hNHE5.

![NHE5 deficiency impairs cell migration and polarity. Cell migrations of C6 cells expressing shRNAs for scrambled (Con), NHE5 (N5sh) and NHE1 (N1sh), and N5sh cells expressing HA-tagged human NHE5 (N5sh+hN5HA) were analyzed by Transwell migration assays. Representative images of crystal violet staining of the Transwell membrane are shown in A. Scale bars: 500 μm. (B) Cells that migrated through the membrane were counted in five randomly selected microscopic fields and expressed as a percentage relative to those in control cells. Mean ± SD of 6--10 experiments. *p* Values were obtained by Tukey-Kremer test following ANOVA: *F*(3, 19) = 56.22, *p* \< 0.0001; \*, *p* \< 0.05, \*\*\*, *p* \< 0.001. (C) Control, N5sh, and N5sh+hN5HA cells migrating toward the open space introduced in the confluent monolayer were labeled with GM130 antibodies for Golgi (red), DRAQ5 for nucleus (green), and fluorescent phalloidin for F-actin (gray). Correct cell polarity is defined as the Golgi apparatus residing within a 120° angle of the migration axis. Representative confocal images are shown. Dashed lines indicate edges of wounds, and cells with correct orientation were marked. Scale bars: 25 μm. (D) Cells that displayed correct cell polarity were counted, and the number was divided by the total number of cells at the leading edge, using images as the unit of analysis. Bars represent mean (± SD) percentage of cells with correct polarity of a total of 13--18 images per cell line containing more than 50 cells in each image from two experiments. *p* Values were obtained by ANOVA: *F*(2, 2) = 11.19, *p* = 0.082, followed by Tukey-Kramer test; \*\*, *p* \< 0.01, \*\*\*, *p* \< 0.001.](702fig7){#F7}

DISCUSSION
==========

Most malignant tumor cells primarily use aerobic glycolysis rather than mitochondrial oxidative phosphorylation and produce large amounts of lactate and acidic metabolites ([@B20]). To overcome the cytotoxicity of metabolic acids, tumor cells have evolved sophisticated mechanisms to pump H^+^ out of the cell ([@B17]; [@B52]). H^+^-extruding activity across the plasma membrane by Na^+^/H^+^ exchangers (NHEs) is among the best-studied mechanisms that create the unique pH environment of glioma ([@B38]; [@B7]). Since their discovery as electroneutral secondary active transporters that mobilize H^+^ across the membrane in response to growth factors ([@B57]), the concept of NHEs has been broadened, and select isoforms are now known to associate with organelle membranes ([@B46]; [@B49]; [@B11]; [@B15]). C6 glioma cells are equipped with elevated ion transporters, including NHE1, and have been commonly used as a model to study the role of NHEs in invasive migration ([@B22]). However, the role of NHEs in recycling endosomal pH regulation and their potential contributions to RTK signaling, tumor invasion, and migration are largely unknown. We now show that the neuron-enriched NHE5 is abundantly expressed in C6 cells and plays a critical role in acidifying recycling endosomes. We have found that the recycling endosomal pH of C6 cells is around 6.0, a more acidic value than previously reported in CHO cells that do not express NHE5 (pH = 6.4--6.5; [@B54]; [@B13]). We showed that reduced expression of NHE5 elevates recycling endosomal pH to around 6.2 ([Figure 2](#F2){ref-type="fig"}). Considering that inhibition of V-ATPase by Baf raises the recycling endosomal pH by ∼0.3, the impact of NHE5 silencing seems substantial. PC12 rat pheochromocytoma cells of adrenal medulla origin also have an acidic recycling endosomal pH of ∼6.2, and either NHE5 depletion or V-ATPase inhibition elevates recycling endosomal pH to 6.5 ([@B10]). These results collectively suggest a substantial role of NHE5 in recycling endosomal acidification, although its relative contribution of NHE5 may vary depending on cell type. Depletion of NHE5 abrogates MET recruitment to the leading edge of the migrating cells, down-regulates HGF-induced PI3K and Rac1/Cdc42 activity, and causes loss of cell polarity as well as perturbed cell migration. While HGF-induced phosphorylation of Erk and Akt are both decreased when NHE5 is silenced, it is interesting to note that the degree of suppression of Akt phosphorylation is greater than that of Erk phosphorylation; a similar tendency is observed in NHE5-depleted PC12 cells ([@B10]). Aside from receptor recycling, it is possible that NHE5 has an additional mechanism(s) that influences PI3K-Akt signaling. Rac1 is a downstream effector of PI3K-Akt signaling, and a fraction of Rac1 binds to endosomes and recycles through the ADP-ribosylation factor Arf6 when cells are stimulated with HGF ([@B50]). We previously found that Arf6-mediated endocytic recycling also contributes to cell surface targeting of NHE5 heterologously expressed in CHO cells ([@B8]). Moreover, Arf6-activation by its guanine nucleotide exchange factor ARNO was considered to occur on the cytosolic face of endosomes in a luminal acidification--dependent manner ([@B24]). Thus an intriguing possibility is that Rac1 recruited to the NHE5-positive endosomal membrane is activated in an Arf6-dependent manner when the lumen is acidified by NHE5. Upon human NHE5 expression to knockdown cells, Rac1 activity and HGF- or cell migration--induced actin remodeling ([Figure 6, B and D](#F6){ref-type="fig"}, and Supplemental Figure 4B) appeared to be rescued more substantially than other phenotypes such as MET surface expression ([Figure 3B](#F3){ref-type="fig"}) and cell migration ([Figure 7B](#F7){ref-type="fig"}). It is tempting to speculate that NHE5 modulates Rac1 activity via different mechanisms in addition to the one mediated by MET-PI3K signaling.

NHE5 influences endocytic recycling of multiple RTKs. In addition to MET, we found that surface abundance of EGFR is also affected by NHE5 knockdown (Supplemental Figure 2). Depletion of NHE5 in PC12 cells markedly reduces the cell surface targeting of TrkA and severely impairs NGF-TrkA signaling ([@B10]). V-ATPase inhibition also perturbs targeting of MET ([Figure 3C](#F3){ref-type="fig"}) and EGFR ([@B64]) to the leading edge of migratory cells similar to the impairment of NGF-induced TrkA recycling by Baf ([@B10]). Importantly, endocytic recycling of a non-RTK cargo TfR is not noticeably affected by NHE5 knockdown ([Figure 4, C and D](#F4){ref-type="fig"}; [@B10]), although other processes of Tfn (and TfR) trafficking along the endocytic circuit may be affected by NHE5 depletion (Supplemental Figure 1). A recent study has revealed that a common clathrin-independent endocytic mechanism governs ligand-induced endocytosis for various growth factor receptors, thereby impacting on growth factor signaling, cell migration, and neurite extension ([@B4]). Thus it is possible that RTKs internalized by ligand-induced endocytosis follow a common recycling route that is regulated by a pH-dependent mechanism. We have further shown that NHE5 depletion significantly facilitates HGF-induced MET degradation ([Figure 4, F and G](#F4){ref-type="fig"}). Consistent with a previous study ([@B25]), HGF-induced MET degradation in both control and NHE5-knockdown cells was blocked by the proteasomal inhibitor MG-132. The lysosomal protease inhibitor leupeptin also showed a protective effect on MET degradation in NHE5-knockdown cells but not in control cells. The effect of leupeptin may reflect differences in degradation kinetics of MET between the two cell lines. It is also possible that the enzyme contents in lysosomes and multiple vesicular bodies are influenced by NHE5-depletion. On the basis of these observations, we propose a model in which NHE5 depletion abrogates cell surface delivery of MET and promotes targeting of MET toward degradation ([Figure 8](#F8){ref-type="fig"}). If neutralizing the acidic luminal pH of recycling endosomes decreases ligand-induced cell surface targeting and promotes down-regulation of RTKs, pharmacological interventions that elevate endosomal pH may become a new strategy to reduce the RTK signaling. Mildly acidic endosomal pH has been implicated in drug delivery to multidrug-resistant cancer cells ([@B32]; [@B16]; [@B65]). Developing new drugs that alter recycling endosomal pH may become an effective approach to treat malignant tumors.

![Proposed model of MET endocytic trafficking influenced by NHE5. On HGF stimulation, MET is internalized to endosomes, where a population of MET is degraded and the rest return to the plasma membrane. NHE5-mediated acidification of recycling endosomes facilitates plasma membrane targeting of MET, maintaining surface abundance of MET and downstream signaling. In the absence of NHE5, recycling of MET is halted and degradation is enhanced.](702fig8){#F8}

NHE7 was the first NHE shown to exhibit a unique cation-nonspecific (Na^+^, K^+^)/H^+^ exchanger activity across the *trans*-Golgi network (TGN) ([@B45]), and a similar cation-nonspecific organellar NHE (CNO-NHE) activity was later identified in NHE6, NHE8, and NHE9 in a liposome reconstitution system ([@B43]). CNO-NHEs are evolutionarily conserved from yeast to humans ([@B5]), and NHE6--NHE9 are ubiquitously expressed in most mammalian cell types ([@B43]). While NHE7 is predominantly associated with the TGN membrane ([@B35]), it shuttles along the endocytic-recycling trafficking pathway ([@B34]) and shares some common binding proteins with NHE5 ([@B35]; [@B27]; [@B8]). CNO-NHEs were suggested "leaking" protons using the inwardly directed K^+^ concentration gradient across the organelle membrane as a driving force ([@B48]; [@B46]). Interestingly, heterologous overexpression of NHE7 into breast cancer cells facilitates invasion, anchorage-independent growth, and tumor formation in nude mice ([@B47]). A more recent study showed that heterologous overexpression of NHE9 in glioma cells alkalinizes the luminal pH of endosomes and suggested that increased cell surface expression and decreased degradation of EGFR facilitate tumor growth and invasion ([@B28]). However, pharmacological manipulations that elevate the luminal pH of endosomes did not affect the endocytic behavior of TfR in agreement with our current findings. Moreover, depletion of NHE8 from HeLa cells was reported to facilitate EGF degradation, whereas NHE8 knockdown did not affect pH of late endosomes in which NHE8 was largely detected ([@B31]). Whether aberrant EGFR turnover and cell migration caused by altered CNO-NHE expression are mediated by changes in the degree of "proton leak" remains somewhat controversial, and future studies are needed to clarify this point. Regardless of the mechanism, it is important to note that NHE9 overexpression increases Tfn endocytosis ([@B28]), whereas NHE5 depletion does not ([Figures 4, C and D](#F4){ref-type="fig"}), suggesting that NHE5 and NHE9 target distinct trafficking pathways. These discrepancies can be partly explained by the difference in distinct intracellular localization between NHE9 ([@B28]) and NHE5 ([Figure 1](#F1){ref-type="fig"}). We propose a model in which acidification of confined recycling endosomal populations by NHE5 has a unique effect on RTK targeting, signaling, and degradation, while indiscriminate alkalinization of acidic organelles may also influence some (e.g., RTK recycling) but not all phenotypes detected in NHE5-knockdown cells. In summary, we identified an endosomal acidifier NHE5 as a regulator of MET recycling and degradation. This study lays the foundation for future studies exploring a role of NHE5 in tumor invasion and progression.

MATERIALS AND METHODS
=====================

Cell culture and transfection
-----------------------------

C6 rat glioma cells were cultured in DMEM containing 10% fetal bovine serum (FBS). Stable knockdown clones were generated by transfecting the cells with the corresponding shRNA plasmid and maintaining them in DMEM + 10% FBS supplemented with either G418 or hygromycin. The target sequences for NHE5 are 1) GTTTGCTCTTGGTGAAACAGATGTTA, 2) ATAGTGGTGGCCACAAAGTAGTCCT, and 3) TTTGTGGTAATCACTCCTCTTCACC ([@B9], [@B10]). C6 cells were transfected using the Bio-Rad GenePulser Xcell electroporation system (Bio-Rad, Hercules, CA) or the calcium phosphate method. For electroporation, cells were resuspended in ice-cold 1M HEPES buffer supplemented with 6 mM glucose, mixed with plasmid DNA, subjected to electric shock (250 V, 200 μF) in a 1-mm cuvette (1652089; Bio-Rad), and immediately placed into prewarmed culture media.

Antibodies, reagents, and DNA constructs
----------------------------------------

Rabbit anti-rat NHE5 antibody was generated in our laboratory and tested previously ([@B9], [@B10]). Anti--phospho-Erk1/2 (pT185/pY187, 44-680G), TfR (clone H68.4, 13-6800), Alexa Fluor--conjugated goat anti-mouse (A-21235 and A-11004), anti-rabbit (A-11079 and A-21210) secondary antibodies and DRAQ5 (62251) were obtained from Invitrogen/Life Technologies/Thermo Fisher (Carlsbad, CA). Anti-EEA1 (clone 14/EEA1, 610456), Rab11 (clone 47/Rab11, 610656), and GM130 (clone 35/GM130, 610822) antibodies were obtained from BD Biosciences (Mississauga, ON, Canada). Anti-Rac1 (clone 23A8, 05-389) antibody was purchased from Millipore (Billerica, MA). Anti-Cdc42 (clone B-8, sc-8401), rabbit polyclonal anti-MET (SP260, sc-162), and EGFR (1005, sc-03) antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX). Anti-hemagglutinin (HA; clone 16B12) antibody was obtained from Covance (Princeton, NJ). Anti-Na^+^/K^+^ ATPase (α5) and β-tubulin (clone E7) antibodies were obtained from the Developmental Study Hybridoma Bank (Iowa City, IA). Rabbit polyclonal anti phospho-Akt (pT308, 9275), Akt (9272), Erk1/2 (9102), and mouse monoclonal anti-MET (clone 25H2, 3127) antibodies were obtained from Cell Signaling Technology (Danvers, MA). Hoechst 33342 was obtained from Sigma-Aldrich (St. Louis, MO).

Baf (B-1080) was purchased from LC Laboratories (Woburn, MA). Leupeptin (LDJ691) was purchased from Bio Basic Canada (Markham, ON, Canada). Hepatocyte growth factor (CYT-090) was obtained from ProSpec-Tany TechnoGene (Rehovot, Israel). Nigericin (BML-CA421) was obtained from Enzo Life Sciences (Farmingdale, NY). Alexa Fluor 568-- (T-23365) and fluorescein-conjugated Tfn (T-2871) were purchased from Invitrogen/Life Technologies. Primaquine bisphosphate (160393), MG132 (C2211), and sodium orthovanadate (S6508) were obtained from Sigma-Aldrich. EZ-Link sulfo-NHS-SS-biotin (21331) was purchased from Thermo Fischer Scientific (Waltham, MA). NSC-23766 was a generous gift from Ivan Robert Nabi (Department of Cellular and Physiological Sciences, University of British Columbia). Human NHE5 36HA and NHE5- and NHE1-specific shRNA constructs were previously described ([@B9], [@B10]). YFP-Rac1 pEYFP-C1 (11391; [@B23]) and GST-PBD pGEX2TK (12217) were purchased from Addgene (Cambridge, MA).

Immunofluorescence
------------------

Cells were grown on glass coverslips overnight and fixed with 3% paraformaldehyde (PFA) for 10 min at room temperature (RT); this was followed by permeabilization with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 10 min. For visualization of endogenous NHE5, cells were fixed and permeabilized in cold 1:1 methanol/acetone at −20°C for 10 min. The cells were then blocked with a 1% bovine serum albumin (BSA)-PBS solution, probed with primary antibodies diluted with 0.1% BSA-PBS at 4°C overnight, and incubated with Alexa Fluor--conjugated secondary antibodies in 0.1% BSA-PBS at RT for 45 min. After extensive washing, coverslips were mounted onto microscope slides using ProLong Gold Antifade Reagent (Invitrogen/Life Technologies/Thermo Fisher). Images were collected with a Leica (Wetzlar, Germany) TCS-SP8 laser scanning confocal microscope (63×/1.40 NA oil objective, Diode/Argon/HeNe lasers, and SP detector).

Immunoblotting
--------------

Cells were rinsed with PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, pH 7.2, 50 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40) with protease inhibitor (PI) cocktail (Roche Diagnostic, Indianapolis, IN). Cell debris was cleared by centrifugation at 16,000 × *g* at 4°C for 15 min, and protein concentration was determined by Bradford assay (Bio-Rad Laboratories). After being denatured at 65°C for 15 min and then at RT for 45 min, proteins were resolved in an SDS--PAGE and electrotransferred onto polyvinylidene fluoride membranes. Membranes were blocked with 5% nonfat milk in PBS-Tw (0.075% Tween-20), incubated overnight with primary antibodies at 4°C, washed, incubated with horseradish peroxidase--conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) at RT for 40 min, washed, and detected by chemiluminescence using Luminata Forte (Millipore). Quantifications of the blots were done by densitometry analysis with ImageJ software (National Institutes of Health, Bethesda, MD).

Endosomal pH measurement
------------------------

Endosomal pH measurements were conducted as described previously ([@B10]). Cells were grown overnight and serum starved for 3 h before the experiment. Serum-starved cells were incubated with 30 μg/ml of fluorescein-conjugated Tfn and 25 μg/ml of Tfn-Alexa Fluor 568 at 37°C for 30 min; this was followed by a chase incubation for 15 min in the absence of Tfn. For some experiments, 200 nM of Baf was added during Tfn labeling and maintained throughout the experiments. Fluorescein was imaged by excitation with a 488-nm laser, and Alexa Fluor 568 was imaged using a 546-nm laser. Two-color live-cell imaging of perinuclear fluorescence was captured by a spinning-disk confocal microscopy using a 100×/1.45 NA oil objective with appropriate filters (Carl Zeiss Axiovert 200M, Jena, Germany). To convert the fluorescein/Alexa Fluor 568 fluorescence ratios to pH, we imaged fluorescein- or Alexa Fluor 568--conjugated Tfn-loaded cells under pH-clamp conditions (140 mM KCl, 10 mM glucose, 1 mM MgCl~2~, 2 mM CaCl~2~, 20 mM HEPES \[pH 7.0\]/PIPES \[pH 6.5\]/MES \[pH 6.0, 5.5\], 10 μM Nigericin).

HGF-induced Akt/Erk activation assay
------------------------------------

Cells were grown at 37°C and serum starved overnight before HGF stimulation. Cells were incubated with 50 ng/ml of HGF in prewarmed serum-free DMEM for 0, 2, 5, 15, 30, 60, or 120 min at 37°C. They were then quickly washed with ice-cold PBS and lysed in 1% NP40-TBS containing 2 mM sodium orthovanadate and protease inhibitors, and quantified cell lysates were analyzed by immunoblotting. Signals were quantified by densitometric analysis. Relative Erk and Akt activities were obtained as ratios of phosphorylated and total corresponding proteins that are normalized to the peak intensity at 15 min of the control cells.

Cell surface biotinylation
--------------------------

Semiconfluent cells were rinsed twice with ice-cold PBS-CM (1 mM MgCl~2~, 0.1 mM CaCl~2~) and incubated with biotinylation solution (0.5 mg/ml sulfo-NHS-SS-biotin in PBS-CM) at 4°C for 45 min. Cells were then incubated with quenching buffer (20 mM glycine in PBS-CM) for 10 min, washed with ice-cold PBS, and lysed with RIPA buffer supplemented with PI, and 30 μg of total proteins were incubated overnight at 4°C with NeutrAvidin agarose beads (Thermo Fischer Scientific). After extensive washing, proteins were eluted from the beads and analyzed by immunoblotting. For examining internalization of cell surface biotinylated proteins, cells treated with sulfo-NHS-SS-biotin were subjected to a chase incubation at 37°C in prewarmed culture media; this was followed by an incubation with a cleavage buffer (50 mM glutathione, 90 mM NaCl, 1 mM MgCl~2~, 0.1 mM CaCl~2~, 0.2% BSA, pH 8.6) at 4°C for 15 min. Internalized proteins during the postbiotinylation incubation are protected from the cleavage reagent, whereas biotinylated proteins remaining on the plasma membrane are cleaved. For examination of the proportion of cell surface biotinylated proteins recycled, cells were first treated with sulfo-NHS-SS-biotin and incubated in the culture medium at 37°C for 30 min to facilitate internalization of cell surface biotinylated proteins. The subsequent incubation of the cells with the membrane-impermeable cleavage buffer at 4°C removed biotin from biotinylated proteins remaining on the cell surface. The cells were then subjected to a second round of incubation in the culture medium at 37°C for 15 min to facilitate recycling of biotinylated proteins. When cells were treated with the cleavage buffer, biotin was removed from the "recycled" proteins but not from proteins remaining inside the cell ("nonrecycled" proteins). For some experiments, cells were treated with 100 μM of primaquine before biotin labeling and maintained in the culturing media for the duration of the experiment.

Cell polarity assays
--------------------

Equal-width wounds were generated with a pipette tip to a confluent monolayer of serum-starved cells. Following incubation at 37°C in culture media containing 10% FBS for 6 h, cells were fixed, and the positions of the Golgi apparatus and nuclei were visualized by anti-mouse GM130 antibody and Hoechst 33342, respectively. For some experiments, 50 nM of Baf was added 5 h before the induction of wounds and during the 6-h incubation period. Cell polarity was quantified by a percentage of cells exhibiting correct orientation at the leading edge (polarity index). Cell orientations were determined by placing an arbitrary rhombus on each cell with the tip of 120° angle at the center of nucleus and with the longer axis parallel to the wound. Correct orientation is scored if the Golgi apparatus resides within the plane. Ten to 15 confocal images per cell type were acquired, and more than 300 cells were scored per experiment.

Degradation assays
------------------

Cells seeded at a density of 5 × 10^5^ into a 35-mm plastic dish were grown 1 d and serum starved for 16 h. Cells were then treated with 50 ng/ml of HGF for 0, 30, 60, and 120 min. For examination of the effect of specific degradation pathways, cells were treated with 20 μM of MG-132 for 3 h, 100 μM of primaquine for 3 h, 100 μM of leupeptin for 23 h, or MG-132 and leupeptin in conjunction before as well as during the 60-min HGF stimulation period. Cells were then lysed, and equal amounts of proteins were analyzed by immunoblotting. For every sample, the MET signal was first normalized to the NHE1 signal, and the resulting value was then normalized to the unstimulated level.

Rho GTPase activity assays
--------------------------

Pak-PBD (p21-binding domain of p21 activated protein kinase 1) inserted into pGEX-2T (GE Healthcare, Little Chalfont, UK) was transformed into BL21. GST-PBD fusion protein expression was induced by 0.1 mM isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG) for 4 h. Bacterial pellets were collected, lysed, and cleared by centrifugation, and the bacterial cell lysate obtained was incubated with glutathione beads (GE Healthcare) to affinity purify the GST-PBD fusion protein. Two micrograms of immobilized recombinant protein was incubated with either 25 μg or 100 μg C6 cell lysates for 1 h at 4°C to detect Rac1 and Cdc42, respectively. Beads were then washed with RIPA buffer, lysates were eluted in SDS sample buffer by heating at 65°C for 15 min in SDS sample buffer, and Rac1 or cdc42 bound to GST-PBD was detected by immunoblotting. The intensity of the signal was quantified by densitometric analysis. Relative GTPase activities were normalized to the value of the control cells. For some experiments, cells were treated with 100 μM of the Rac1 inhibitor NSC-23766 (Santa Cruz Biotechnology) for 24 h. For HGF activation assay, cells were serum starved overnight; this was followed by addition of 50 ng/ml HGF for 5 min.

Membrane fractionation
----------------------

Cells were collected and resuspended in sucrose buffer (250 mM sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4, PI). The cell suspension was passed through a 26.5-gauge needle on ice 20 times to shear cells, and the cell debris was cleared by centrifugation at 800 × *g* at 4°C for 15 min twice. The S-0.8 supernatant was subjected to ultracentrifugation at 98,000 × *g* at 4°C for 30 min, and the resulting S-98 supernatant was collected as a cytosolic fraction. The pellet was gently washed with ice-cold PBS and resuspended in RIPA buffer. Insoluble debris was cleared by centrifugation, and the supernatant was collected as a membrane fraction. Proteins in each fraction were quantified by Bradford assays and analyzed by immunoblotting.

Migration assays
----------------

Cells were seeded into the Transwell permeable support insert (Corning, NY) at 4 × 10^4^ in 200 μl serum-free media per insert and incubated inside a 24-well plate containing 300 μl of DMEM with 20% FBS per well at 37°C for 6 h at 5% CO~2~. Cells were then fixed with 3% PFA for 15 min. Cells that remained on the upper side of the membrane were scraped off with a cotton swab, and those that migrated through the membrane pores were stained with 0.1% crystal violet for 20 min. The inserts were rinsed with water and air-dried. Images were taken using an inverted light microscope. Five randomly selected images of each cell line were scored, and experiments were repeated five to eight times depending on the cell line.

Statistical analysis
--------------------

We conducted analysis of variance (ANOVA) when comparing more than two groups and obtained *p* values using the Tukey-Kramer test for pairwise comparisons. When necessary, the model included experiment dates as an explanatory variable. Student's paired *t* test (two-tailed) was used for comparisons of two groups only. With the p-Akt or p-ERK time-course data for [Figure 5B](#F5){ref-type="fig"}, repeated-measures ANOVA was conducted, with time as a within-subject factor. *p* Values for pairwise comparison were obtained at each time point following the ANOVA. All the analyses were conducted using Microsoft Excel (Microsoft, Redmond, WA) or Stata/IC 14.0 (StataCorp LP, College Station, TX).
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